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Available online 20 August 2014AbstractAn anomalous phytoplankton bloom was recorded in the Indian Ocean sector of the Antarctic Zone (AZ) of the Southern Ocean
(SO) during the austral summer, 2011. Possible mechanisms for the triggering of such a large bloom were analyzed with the help of
in situ and satellite data. The bloom, which formed in January 2011, intensified during February and weakened by March. High
surface chlorophyll (Chl) concentrations (0.76 mg m3) were observed in the area of the bloom (60S, 47E) with a Deep
Chlorophyll Maximum (DCM) of 1.15 mgm3 at a depth of 40e60 m. During 2011, both the concentration and spatial extent of sea
ice were high on the western side of the bloom, between 0E and 40E, and enhanced freshwater influx was observed in the study
area as a result of melting ice. A positive Southern Annular Mode (SAM) (with a resultant northward horizontal advection) and an
intense La Ni~na during 2010e2011 are possible reasons for the high sea-ice concentrations. The enhanced Chl a observed in the
study region, which can be attributed to the phytoplankton bloom, likely resulted from the influx of nutrient-laden freshwater
derived from melting sea ice.
© 2014 Elsevier B.V. and NIPR. All rights reserved.
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Surficial and deep waters of the Southern Ocean
(SO) are among the largest sinks of anthropogenic at-
mospheric carbon dioxide (CO2) in the world
(Takahashi et al., 2012). These properties make the SO
a potential site for enhanced carbon sequestration. A* Corresponding author.
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does so through phytoplankton input pathways, and
hence ‘biological pumps’ play a major role in the
process of oceanic sequestration of atmospheric CO2
(Smith and Comiso, 2008; Arrigo et al., 2008). How-
ever, the SO is one of the largest regions of the world
ocean in which phytoplankton growth is nutrient
limited, specifically by lack of the micronutrient iron
(Fe), despite high loadings of macronutrients (De Baar
et al., 1995; Van Leeuwe et al., 1997; Hutchins et al.,
2001). As compared with other Fe-limited regions,
371P. Sabu et al. / Polar Science 8 (2014) 370e384the flux of Fe-enriched dust to the SO is the lowest in
the world's oceans (Duce and Tindale, 1991), particu-
larly at higher latitudes; as a result, oceanic sources of
Fe, such as by upwelling of deep water, resuspension
of sediments, remineralization of sinking materials,
and diffusion of Fe through the water column have
been proposed as likely supply pathways of Fe to
surficial waters of the SO (De Baar et al., 1995;
Loscher et al., 1997). Strong zooplankton grazing
pressure, as well as light and silicate limitations have
also been suggested as supplementary factors contrib-
uting to low phytoplankton production in the SO
(Banse, 1996); however, the relative importance of
each of these factors has remained a contentious issue.
Nonetheless, phytoplankton blooms have been re-
ported in several regions of the SO, including in areas
associated with marginal ice zones (Moore and Doney,
2006), shallow coastal and shelf waters (Sullivan et al.,
1993), near fronts of the Antarctic Circumpolar Cur-
rent (Moore et al., 1999), near polynyas (Arrigo et al.,
2008), and in areas of upwelling associated with large
bathymetric features (Moore et al., 1999; Moore and
Abbott, 2000). These blooms play a key role in
drawing down atmospheric CO2, exporting carbon to
the ocean interior, enhancing annual biological pro-
ductivity, and influencing trophic dynamics and
biogeochemical cycles of the entire SO (Smith and
Nelson, 1986; Arrigo et al., 1998).
The SO comprises several oceanic frontal systems
(Orsi et al., 1995; Belkin and Gordon, 1996), and these
fronts subdivide the SO into zones with different
biogeochemical characteristics (Deacon, 1984). The
Antarctic Zone (AZ), which lies between the Polar
Front (PF) and the Southern Boundary of the Antarctic
Circumpolar Current Front (SB), is characterized by
cold winter water in the uppermost ~150 m of the
water column during the winter, and is overlain by
fresher and warmer Antarctic Surface Water (AASW)
during the summer (Orsi et al., 1995). The typical
upper layer in the AZ during summer is characterized
by a well-developed subsurface temperature minimum
(Tmin) layer (or winter water, WW, layer), capped by a
relatively warm fresh well-mixed surface layer (Park
et al., 1998; Sokolov and Rintoul, 2007). The Tmin
layer is the result of surface freshening during the
austral summer, mainly as a result of ice melting and
subsequent warming of the surface layer (Park et al.,
1998). The warmer Circumpolar Deep Water (CDW)
lies at depth, below the Tmin layer (Toole, 1981). In
contrast to temperature, salinity increases with depth
throughout the Tmin, thus providing vertical stability to
the water column. Therefore, salinity is more importantthan temperature in controlling the stratification of the
AZ. Furthermore, large-scale zonal and meridional
ocean circulation patterns (Bindoff et al., 2000), the
annual formation and dissipation of sea ice (Gloersen
et al., 1992), and distinct seasonal surface water mass
transformations (Williams et al., 2008) make the AZ a
physically dynamic region.
In general, surface waters of the AZ are character-
ized by low temperatures (4 C to 2 C) and a large
repository of available macronutrients (El-Sayed,
1978). Although phytoplankton production in the AZ
is generally low (Holm-Hansen et al., 1989; Moore and
Abbott, 2000), occasional high-productivity events
have been reported in the seasonal ice zone during
summereautumn (Hirawake et al., 2003) and spring
(Hirawake et al., 2005). However, occurrences of
phytoplankton blooms during summer in the Indian
Ocean sector of the AZ have not been previously re-
ported. In this study, evidence for the occurrence of an
anomalous phytoplankton bloom in the Indian Ocean
sector of the AZ during the austral summer of 2011 is
presented, based on an analysis of in situ data and
ocean color imagery from the Moderate Resolution
Imaging Spectroradiometer (MODIS). A clear under-
standing of the physical processes that control phyto-
plankton production, particularly in a high-nutrient and
low-chlorophyll environment like the AZ, is of vital
importance in understanding the role of the SO in
carbon sequestration and cycling. Hence, the physical
mechanisms for the evolution of the phytoplankton
bloom are also examined.
2. Materials and methods
As part of the Indian Scientific Expedition to the
Southern Ocean (SOE), hydrographic and biological
measurements were obtained at six stations along 60S,
at 2-longitudinal intervals between 47E and 57300E,
during the austral summer (JanuaryeFebruary) of 2011.
From these, two stations (at 47E and 49E)were chosen
to investigate in situ chlorophyll a (Chl a) distributions
in the vicinity of the bloom (Fig. 1). Sea-water samples
were collected at standard depths (0, 10, 30, 50, 75, 100,
and 120 m) using General Oceanics Niskin samplers
(5 L) fitted on a carousel unit that also included a con-
ductivityetemperatureedepth (CTD) device (Sea-Bird
Electronics, Washington, USA). For measurement of
Chl a, 1 L of water was immediately filtered through a
glass fiber filter (GF/F) (Whatman, 47 mm diameter)
under low suction pressure; the filter was folded in half
and placed in a glass centrifuge tube with 10 ml 90%
acetone, and subject to extraction overnight in the dark at
Fig. 1. Bathymetry of the study area and locations of sampling
stations. The yellow square represents the bloom area examined in
this study; the small red square represent in situ sampling locations.
372 P. Sabu et al. / Polar Science 8 (2014) 370e38420 C. After extraction, the samples were centrifuged
for 5e10 min and the supernatant was measured fluo-
rometrically (Parsons et al., 1984) using a Turner Design
fluorometer (10-AU, Turner Design, Sunnyvale, USA).
Two types of satellite-based Chl a data were used in
this study, in addition to the in situ Chl a data: monthly
composites of Level-3 MODIS Chl a for December
2010eMarch 2011, and 6-year (2005e2011) MODIS
Chl a and 6-year (1998e2004) Chl a from the Sea-
viewing Wide Field-of-Sensor (SeaWiFS) for the
month of February (McClain et al., 1998). Other
datasets used in the study included Archiving, Vali-
dation, and Interpretation of Satellite Oceanographic
(AVISO) data, which were merged and blended with
Sea Surface Height Anomaly (SSHA) climatology
(January 1993eDecember 2005), Advanced Scatter-
ometer (ASCAT) surface wind vectors, Quick Scat-
terometer (QuikScat) wind climatology (January
2000eDecember 2007), advanced very high resolution
radiometer (AVHRR) Satellite Sea Surface Tempera-
ture (SST), Advanced Microwave Scanning Radio-
metereEarth Observing System (AMSR-E) sea-ice,
and 10-year (1997e2006) sea-ice data from the MetOffice Hadley Centre datasets. Monthly mean Level-3
photosynthetically active radiation (PAR) for 2011 and
monthly climatology of PAR for the period of
NovembereApril from MODIS were used for evalu-
ating light conditions in the bloom area. Data on
monthly mean Ekman currents during JanuaryeFeb-
ruary 2011 were obtained from the National Oceanic
and Atmospheric Administration (NOAA) coast watch.
We used monthly European ENSEMBLES and
ENACT (EN3) objectively analyzed temperature and
salinity profile data (Guinehut et al., 2009) from Met
Office Hadley Centre observation datasets (Guinehut
et al., 2009) for January 2000eJanuary 2013 to
construct the temperature and salinity climatology in
the study region. To construct the February clima-
tology in the region of 34E48E and 56Se62S, we
used 42 temperatureesalinity profiles spanning
January 2000eJanuary 2013. This objectively
analyzed dataset was used to calculate the thickness of
freshwater input into the surface layer relative to that
of WW in the study region, using (Park et al., 1998).
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where h is the thickness of the freshwater input per unit sur-
face area, Dc is the WW depth, Sw is the WW salinity, and S
bar
is the depth-averaged salinity between the surface and the
WW depth. To calculate the Brunt Vaisala frequency, we used
temperature and salinity profiles available in the bloom area
from the Array for Real-time Geostrophic Oceanography
(ARGO) dataset during February 2011, using the formula
(Pond and Pickard, 1978),
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$
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where g is the acceleration due to gravity, r0 is the reference
sea water density (1025 kg m3), and vr/vz is the vertical
potential density gradient. The parameter N is a measure of the
static stability of the water column. Three-month means of the
Oceanic Nino Index (ONI) generated by NOAA (for details
see http://www.cpc.ncep.noaa.gov) and Southern Annular
Mode (SAM) indices generated by the British Antarctic Sur-
vey (http://www.atmos.colostate.edu) were also used in the
study to understand the influence of SAM on the observed
bloom. The sources, accuracies, and resolutions of the datasets
used in this study are shown in Table 1.
3. Results and discussion
During the observation period (1617th February,
2011), high surface Chl a concentrations
(>0.76 mg m3) were observed on the western side of
Table 1
The sources, accuracies, and resolutions of the datasets utilized in this study.
Parameter Source Spatial and depth
resolution
Temporal
resolution
Accuracy
MODIS Chlorophyll http://coastwatch.pfeg.noaa.gov 0.06 Monthly Nominal Accuracy ±40%
SeaWiFS Chlorophyll http://oceancolor.gsfc.nasa.gov/ 0.5 Monthly Nominal Accuracy ±30%
PAR http://oceancolor.gsfc.nasa.gov/ 0.06 Monthly Nominal Accuracy ±5%
AVISO SSHA http://www.aviso.oceanobs.com 0.33 Monthly 2.50e4.00 cm
ASCAT wind vector http://apdrc.soest.hawaii.edu 0.25 Daily 2 m s1 RMS 0.5 m s1 bias
QuikSCAT wind
climatology
http://www.ssmi.com 0.25 Monthly 2 m s1 and ±20
AVHRR SST ftp://eclipse.ncdc.noaa.gov 0.25 Daily 0.3e0.4 C
Ekman Current http://coastwatch.pfeg.noaa.gov 0.25 Monthly e
AMSR-E Sea Ice http://coastwatch.pfeg.noaa.gov 0.125 Monthly Nominal accuracy ±7%
Hadley Sea Ice
temperature
http://www.metoffice.gov.uk 1 Monthly 0.005 C
salinity http://www.metoffice.gov.uk 250 levels to 2000 m Monthly 0.01 psu
373P. Sabu et al. / Polar Science 8 (2014) 370e384the study area (60S), particularly at 47E (Fig. 2a);
concentrations decreased gradually to the east, attain-
ing a value of 0.53 mg m3 at 49E. Another notice-
able feature was the occurrence of a deep chlorophyll
maximum (DCM) with a concentration of
~1.15 mg m3 at depths of 40e60 m at 47E (Fig. 2a),
although this feature was not observed at 49S.
Monthly mean satellite Chl a data for JanuaryeMarch
2011 were analyzed to understand the reasons for the
high Chl a concentrations at 47E. The satellite images
revealed that the high Chl a concentrations at 47E
were an extension of a large and intense phytoplankton
bloom that occurred in the AZ in the region of
34e42E and 58e61S during February 2011
(Fig. 2b). The bloom formed during January 2011,
further intensified in February (with a spatial coverage
of ~290,000 km2 and a concentration >1 mg m3), and
disappeared by the end of March 2011. The observed
intense DCM at 47E may have been caused by the
sinking of diatom cells, as reported by Parslow et al.
(2001).
In natural conditions, phytoplankton blooms
develop near coastal regions and islands downstream
from the SO, on account of Fe inputs from land masses
(Smith and Comiso, 2008); the blooms in these regions
are usually dominated by larger organisms, such as
diatoms (Kopczynska et al., 2001). The dominance of
large phytoplankton (diatoms), particularly chain-
forming species, has also been observed during Fe
fertilization (addition) experiments in the SO (De Baar
et al., 1997; De Baar and Boyd, 2000). Previous studies
have also reported the dominance of diatoms near the
melting ice zone and along the stratified marginal ice
zone of the SO during December and January (Goffart
et al., 2000; Smith et al., 2003; Mangoni et al., 2004).Hence, it is likely that the observed bloom was
composed of chain-forming (large) diatoms. The
possible mechanisms for the formation and sustenance
of the bloom in the AZ are discussed below.
3.1. Governing mechanisms
3.1.1. Light and nutrients
Variations in light availability, intensity, and dura-
tion influence phytoplankton growth in the SO (Smith
and Sakshaug, 1990); we analyzed these parameters by
examining photosynthetically active radiation (PAR)
conditions during the time and in the region of the
bloom. Light availability during JanuaryeMarch 2011
was slightly lower than the climatology of light in the
study area, whereas patterns of variability in magnitude
of light availability between winter and summer were
almost similar (Fig. 3). Incident PAR was highest in
December (38 E m2 d1), but the peak phase of the
bloom was observed in February, when the recorded
PAR was 26 E m2 d1, indicating that PAR may not
be a limiting factor for primary production during the
summer in the SO. Campbell and Aarup (1989) have
also noted that, generally, light intensity may not be a
limiting factor for biological production in the SO
during the summer; we observed that the difference in
PAR values between December and February was not
large (Fig. 3). To examine macronutrient (NO3, PO4,
and SiO4) availability, we examined surface nutrient
concentrations in the area of the bloom during
February (obtained from the 2005 world ocean data-
base (Garcia et al., 2006). Nutrient concentrations were
high (NO3, ~34.4 mm; PO4, ~1.6 mm; and SiO4,
~34.6 mm) as compared with those in the northern part
of the SO, where, in particular, SiO4 is the prevailing
Fig. 3. Temporal distribution of photosynthetically active radiation
(PAR) in the study area.
Fig. 2. Vertical distribution of observed Chl a concentrations at
47E and 49E (a) and monthly variations in satellite Chl a ob-
servations during JanuaryeMarch 2011(b) in the Indian sector of
the Antarctic Zone (AZ). Red symbols in (b) represent in situ
station locations in the bloom area. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the
web version of this article).
374 P. Sabu et al. / Polar Science 8 (2014) 370e384limiting factor. Thus, macronutrient availability can be
ruled out as a limiting factor for phytoplankton blooms
in the study area during summer. High N: P ratios in
the study area further indicate that conditions were
favorable for the growth of larger phytoplankton
(diatoms).
3.1.2. Cyclonic eddies
The SO is characterized by numerous eddies, both
cyclonic and anticyclonic, associated with frontal
systems of the Antarctic Circumpolar Current (ACC)
(Gille, 1994). These eddies play a variety of roles in
ocean dynamic processes (Meredith and Hogg, 2006)
as well as in the ecosystem of the region (Morrow and
Le Traon, 2012). Studies have indicated that meso-
scale eddies influence phytoplankton productivity in
the SO (Strass et al., 1998; Moore et al., 1999; Fennel,
2001), and that cyclonic eddies in the SO enhance
phytoplankton blooms (Comiso et al., 1993).
To investigate the possible role of meso-scale eddies
on phytoplankton blooms in the SO, we analyzed
monthly mean SSHAs along with geostrophic currents
during JanuaryeMarch 2011. The SSHA plots high-
light the dominance of small-scale (~110km) cyclonic
eddies, particularly on the western side of the study
region (Fig. 4a). Earlier studies have also identified
cyclonic features in the AZ (Smith et al., 1984;
Wakatsuchi et al., 1994). Interestingly, the observed
high-Chl a region was well outside of the regions of
cyclonic eddies that were present at the time of the
bloom (in the vicinity of 58Se60S, 34E35E, and
59Se50S, 37E38E). Moreover, the characteristic
sizes of cyclonic eddies were small as compared with
the spatial extent of the bloom (290,000 km2). Also,
the intensities of the eddies were low during the peak
period of the bloom (February 2011) (Fig. 4a). Eddies
Fig. 4. Spatial distribution of the sea surface height anomaly (SSHA) overlain with geostrophic currents: (a) during 2011, (b) climatology, (c)
surface wind field during 2011, and (d) surface wind during 2010. Unit of wind vector is also m/s. So please use the attached corrected Fig. 4c
and d.
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that eddies are a common feature in the latitudinal belt
of 56Se52S during summer (Fig. 4b). These eddies
may be generated by instabilities in the ACC (Gille,
2003). The substantial discrepancy between the posi-
tions of eddies and the spatial extent of the bloom rules
out the possibility of vertical transport of essential
micronutrients (Fe) by these eddies, which would be
required for the triggering of such a large bloom.
3.1.3. Wind field
Wind events play an important role in physical and
biological processes in the upper ocean (Tang et al.,
2003). Thus, to understand the role of wind, weFig. 5. Variation of the Southern Annular Mode (SAM) index during
March 2010eFebruary 2011.analyzed the monthly wind distribution during
JanuaryeMarch 2011 and compared the distribution
with climatological patterns (Fig. 4c and d). During
2011, the wind distribution showed a prominent shift
towards the southern side of 52S, as compared with
normal wind flow patterns. The SAM could be a
major factor in this shift; the SAM (also referred to as
the Antarctic Oscillation), which is a dominant mode
of the Southern Hemisphere climate system, signifi-
cantly influences the strength of the westerlies
(Thompson and Wallace, 2000). Positive (negative)
phases of the SAM are associated with lower (higher)
sea level pressures at high latitudes and higher
(lower) sea level pressures at low latitudes. As a
consequence, during years with a positive SAM, the
westerlies are intensified in the region over the AZ
and weakened north of 40S (Thompson and Wallace,
2000; Mo, 2000). Thus, the shift in the westerlies
observed in the present study during January and
February was associated with a positive phase of the
SAM (Fig. 5).
We analyzed surface wind current patterns to
examine how the strengthening and shifting of westerly
winds influenced the study region. The magnitude of
the geostrophic currents during February 2011 was
25 cm s1. However, the strong westerlies associated
Fig. 6. Spatial distributions during January and February 2011 of (a) Ekman currents and (b) sea surface temperature (C) anomalies.
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current (~4 cm s1) in the AZ during February 2011
(Fig. 6a). This anomalous Ekman drift significantly
reduced (on average, by <1 C) the SSTs in the AZ
during 2011, as compared with the SST climatology in
the area (Fig. 6b). The intensity of the cooling was a
maximum (~1.4 C) in February, particularly in the
region of 34e40E. The divergences in surface cur-
rents associated with a positive SAM may accelerate
the upward movement of water from the subsurface to
the surface. Several previous studies have also reported
upwelling in the AZ during the positive phase of the
SAM (Lovenduski and Gruber, 2005; Mikaloff-
Fletcher et al., 2007). However, the vertical tempera-
ture and salinity profiles at 47S and 49S did not show
signatures of upwelling in the study area. Because
biological productivity in this region is considered to
be Fe limited, the observed hydrographic features and
the prevailing deep mixed layer depth (>60 m) do not
support the possibility that Fe is supplied from the
subsurface to the surface by upwelling. Hence, we next
analyzed sea-ice concentrations, as the variability and
dynamics of ice have a major impact on phytoplankton
production in the SO.3.1.4. Sea ice
The influence of the SAM on sea ice cover is more
complex than the annular oceanic response (Liu et al.,
2004). To understand the response of sea ice cover to
the SAM, we analyzed monthly mean sea ice con-
centrations from December 2010 to January, 2011, and
compared the results with climatological patterns. The
concentration and extent of sea ice, particularly on the
western side of the study area (20E40E), were
larger than that of the climatology during both
December 2010 and January 2011 (Fig. 7). On the
western side of the study area, spreading of ice was
observed at latitudes of up to 55S in December 2010
and January 2011, which includes the bloom area.
Variations observed in the concentration and extent of
sea ice during 2010e2011 can be attributed to a
number of possible causes. During 2010e2011, the
SAM index was positive from March 2010 until
February 2011, and high positive values were observed
in June, July, October, and November (Fig. 5). This
persistently strong SAM indicates that low-pressure
anomalies dominated over Antarctica for most of the
southern-hemisphere austral winter, spring, and sum-
mer. As a result, heat exchange between the tropics and
Fig. 7. Spatial variations during December 2010eJanuary 2011 in (a) sea-ice concentrations and (b) climatology.
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Antarctica, which induced a larger sea ice cover in this
region (as reported by Lefebvre and Goosse, 2005).
The stronger winds and the resultant advection asso-
ciated with the strong SAM could be another possible
cause of the higher concentration and extent of sea ice.
Hall and Visbeck (2002) reported that an anomalous
divergent flow associated with the SAM advected sea
ice further north, resulting in a 5% increase in sea-ice
coverage in the SO.
Several other studies (Peng and Wang, 1989;
Peterson and White, 1998; Yuan and Li, 2008) have
analyzed the recent behavior of the extent of Antarctica
sea ice, and suggested connections between sea ice
extent and the El-Nino Southern Oscillation (ENSO).
The ENSO-related sea ice variability occurs mainly in
key regions, such as in the Ross, Bellingshausen, and
Weddell seas, as well as in the southern Indian Ocean
(Yuan, 2004). Thus, the high sea ice concentration
observed in 2011 could also be related to the positive
impact of a strong La Ni~na, which developed in the
east Pacific from July 2010. The 2010/2011 La Ni~na
was the strongest ENSO cold event in the past 8 de-
cades (Boening et al., 2012). When an ENSO cold
event is coincident with a positive SAM, the two tend
to reinforce each other's impact on sea ice(Stammerjohn et al., 2008). Our analysis shows some
influence of a positive SAM and an ENSO cold event
on sea ice concentrations in the Indian Ocean sector of
the SO. The elucidation of these links is a promising
area for future research.
3.1.5. Melting of sea ice
Sea ice plays a pivotal role in the biological pro-
duction of the SO (Thomas et al., 2010) by serving as a
substrate for growth of biomass. Seasonal melting of
sea ice is considered to be one of the key environ-
mental factors that influences the phytoplankton dis-
tribution in the SO (Smith and Comiso, 2008). Many
studies conducted in the SO provide strong evidence
that phytoplankton blooms are triggered in the zone of
retreating sea ice cover. To understand the influence of
the melting of sea ice on the observed bloom, sea ice
and Chl a concentrations were spatially averaged in
the bloom region (between 34E48E and
58Se62S), as shown in Fig. 8a and b. Interestingly,
Chl a concentration shows a gradual increase with
increased melting of sea ice, thus revealing a close
relationship between ice melting and phytoplankton
production. The melting of ice started in December
2010, and by the end of January, nearly 90% of the ice
had retreated from the area. Concentrations of Chl a
Fig. 8. Time-series variations during 2010e2011 in sea ice concentrations (a) and chlorophyll (Chl) a in the bloom area (b), and temperature (c)
and salinity (d) profiles during February 2011, with respective climatologies.
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>0.45 mg m3) when the melting of ice was complete.
The positive relationship between Chl a concentrations
and the melting of sea ice indicates that bloom for-
mation is associated with quickly retreating sea ice.
The footprint of the freshwater influx due to ice
melting was also evident in the ARGO temperature and
salinity distributions (Fig. 8c and d) in the bloom area(42E, 57S). During February 2011, the surface tem-
perature was colder (<0.3) and the salinity was less
(<0.12) than that derived from the respective clima-
tologies, indicating that melting had occurred in the
study area. Furthermore, the freshwater thickness
computed according to Park et al. (1998) showed
higher values (0.63 m) in the bloom area during 2011
than were present in the climatology (0.58 m). Thus
Fig. 9. Spatial distribution of (a) chlorophyll during February from 1998 to 2011, and (b) sea ice concentrations during December from 1997 to
2010.
379P. Sabu et al. / Polar Science 8 (2014) 370e384the northward Ekman transport of meltwater may also
explain the comparative increase in freshwater thick-
ness (7 cm) during February 2011.
Melting of sea ice has several effects on phyto-
plankton growth processes. First, the freshwater
released during sea ice melting forms a buoyant
barrier layer which prevents vertical mixing and in-
creases mean light levels in a very shallow surface
mixed layer. However, as a consequence of the higher
wind speeds associated with a positive SAM, the
barrier layer and associated stratification could be
disrupted, which would increase mixing in the upper
water column. The Brunt Vaisala frequency, which isan index of stability, was approximately
1.5  105 s1 in the upper 50 m of the water
column, which shows that the water was well mixed
during the peak phase of the bloom. Hence, water
stability and a shallow mixed layer would not explain
the high Chl a concentrations. Second, the melting of
sea ice can seed the open ocean phytoplankton pop-
ulation with sea-ice algae. Numerous studies (Smith
and Nelson, 1986; Wilson et al., 1986; Garrison
et al., 1987) have reported that open-water and ice-
edge blooms in polar regions are seeded by algae
released from melting sea ice. The function of sea ice
algae in seeding aquatic populations depends on
Fig. 9. (continued).
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settle through the water column, the presence of
pelagic consumers, and the diversity of algae released
from the sea ice (Leventer, 2008). If the sea ice algae
settle rapidly or are quickly consumed by
zooplankton, then the released cells will not trigger
an open-water phytoplankton bloom. In most cases,
where the seasonal ice cover is an integral part of the
ecosystem, zooplankton actively graze on ice algae
prior to the release of the algae into the water column
(Michel et al., 1996). Hence, we assume that the algae
released from the melting of sea ice may not be a
factor in this bloom. Third, the melting sea ice could
be a significant source of Fe (Lannuzel et al., 2010),as the ice may quickly release the winter accumula-
tion of aeolian sediments (Gao et al., 2003) during the
sea ice melting period. However, the increased extent
of ice observed in December could also be a source
for the release of Fe during the melting period in the
following summer, which has been reported to in-
crease phytoplankton productivity (Chl a) at this time
(Sedwick and DiTullio, 1997). Several previous
studies have also documented occurrences of high
Chl a concentrations in the marginal ice zone during
the seasonal retreat of sea ice (Smith and Nelson,
1986; Moore and Abbott, 2000). Croot et al. (2004)
have reported that Fe release from sea ice is an
important factor driving the Phaeocystis sp. bloom at
Fig. 10. Temporal evolution of (a) the Oceanic Nino Index (ONI)
(yellow shading represents the 1999e2000 and 2010e2011 La Ni~na
periods) and (b) the Southern Annular Mode (SAM) index (back-
ground dotted line represents the 3-month running mean) for the
period 1998e2011 (blue shading represents the 1999e2000 and
2010e2011 positive phase of the SAM). (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article).
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relationship between melting ice in the seasonal ice
zone and high Chl a concentrations has also been
observed in the Arctic Ocean (Fortier et al., 2002). In
addition, Fe-enriched waters advected from the con-
tinental shelf of Antarctica by melting may also be a
cause of observed high Chl a concentrations
(>1 mg m3). In the present study, however, in situ Fe
measurements are not available to either confirm or
reject the above hypotheses. Nevertheless, the close
relationship observed between melting sea ice and
high Chl a concentrations suggests that melting sea
ice may be a primary forcing function for the
observed phytoplankton bloom.
3.2. Previous occurrences of blooms
To check for previous occurrences of blooms in the
Indian Ocean sector of the AZ of the SO, we analyzed
14 years of Chl a data for the month of February
(1998e2011); this period also includes previous La
Ni~na years. An intense bloom, similar to that inves-
tigated in this study, occurred in the region during the
summer of 1999 (Fig. 9a). Interestingly, this year also
coincided with a previous strong La Ni~na
(1998e2000) and positive SAM events. Fig. 10a
shows the Oceanic Nino Index (ONI) based on a 3-
month running mean of SST anomalies in the Nino
region for the period 1998e2011. The negative ONI
values represent La Ni~na phases of ENSO. The ONI
during 1998e2000 was strongly negative (yellow
shading, Fig 9a) on account of the start of a 2-year-
long moderate to strong La Ni~na in mid-1998 that
lasted until the end of 2000 (Shabbar and Yu, 2009).
Hence, the 1998e1999 and 1999e2000 winters
experienced strong La Ni~na events. The 3-month
running average of the SAM index for the period
1998e2011 (Fig. 10b) was consistently positive dur-
ing 1998e1999, with a strong event in early 1999
(light blue shading, Fig. 9b). To examine the impact
of a positive SAM and La Ni~na on sea ice, we
analyzed sea ice concentrations during December for
the period 1997e2010 (Fig. 9b); we found that the
concentration and spatial extent of sea ice in 1998
(December) were as high as in 2010 (December).
Numerous studies have established a relationship
between sea-ice variability in different sectors of
Antarctica and related changes in extra-tropical cir-
culation in response to ENSO forcing (Gloersen,
1995; Turner, 2004; Dash et al., 2012). Deb et al.
(2014) recently reported an anomalous increase in
sea ice concentrations in the Indian Ocean sector ofthe SO during the summers and winters following
La Ni~na events. They suggested that an increase in
the amount of sea ice is due to the equator-ward
advection of sea ice and/or an increase in sea ice
concentrations due to both the dynamics and ther-
modynamics of sea ice. Our analysis shows that the
phytoplankton bloom in the Indian sector of AZ of
the SO was mostly associated with a coincidental
occurrence of a strong La Ni~na and intense and
persistently long positive SAM periods (See Fig. 9).
Hence, it can be concluded that climate-related vari-
ations in regional circulation may play an important
role in regulating sea ice concentrations, resulting in
enhanced phytoplankton growth. Further studies are
required to understand the relative importance of the
ENSO and SAM on biogeochemical responses in the
SO.
4. Conclusions
The AZ of the SO is generally considered a high-
nutrient low-chlorophyll region, and Fe availability is
considered to be the major constraint limiting phyto-
plankton growth in this area. However, the present
study shows that an anomalous phytoplankton bloom
occurred in this area during the austral summer of
382 P. Sabu et al. / Polar Science 8 (2014) 370e3842011. The bloom formed in January, strengthened
during February, and had weakened by March. The
observed Chl a concentrations near the bloom area
(60S, 47E) were high (0.76 mg m3), with an intense
DCM (1.15 mg m3) at depths of 40e60 m. Avail-
ability of light and macronutrients and the presence of
cyclonic eddies have been ruled out as possible causes
for this bloom. Our analysis shows that the influx of
freshwater to the study area due to ice melting was
high in 2011 as compared with 2010. This enormous
freshening was due to the relatively high concentration
and spatial extent of sea ice in 2011, which were
associated with an unusual occurrence of a positive
SAM and ENSO (La Ni~na) during 2010e2011. We
suggest that Fe concentrations in the water column,
particularly in the euphotic zone, should be measured
in the AZ, to understand its role in both phytoplankton
growth and bloom formation. Furthermore, CO2 mea-
surements should be performed in the area, so as to
better understand the implications of large blooms on
CO2 sequestration in the AZ.
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